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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length. 
Time__. 
Force. _ 



Power. 
Speed- 



Symbol 



I 

t 

F 



Metric 



Unit 



meter 

second 

weight of one kilogram. 



kg/m/s. 
fkm/h... 
\m/s 



Symbol 



m 

s 

kg 



k. p. h. 
m. p. s. 



English 



Unit 



foot (or mile) 

second (or hour) 

weight of one pound-. 

horsepower 

mi./hr. 

ft./sec. 



Symbol 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp 

m. p. h. 
f. p. s. 



Wj Weight = mg 

Standard acceleration of gravity = 9.80665 
m/s2 = 32,1740 ft./sec.^ 

m, Mass = — 
9 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m"^ 
s^) at 15° C. and 750 mm = 0.002378 
Gb.-ft.-^ sec.2). 



2. GENERAL SYMBOLS, ETC. 

mk'^, Moment of inertia (indicate axis of the 



s, 



radius of gyration k, by proper sub- 
script). 
Area. 

Wing area, etc. 

Gap. 

Span. 

Chord. 



Specific weight of ''standard'' air, 1.2255 Aspect ratio. 

kg/m^ = 0.07651 Ib./ft.^. /z, Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 



Do 



True air speed. 



1 



Dynamic (or impact) pressure= ^ P^' 
Lift, absolute coefficient Cl=^ 
Drag, absolute coefficient = ^ 



Do 



Profile drag, absolute coefficient ^^0 = "^ 

Di, Induced drag, absolute coefficient ^z><=^ 

Dpy Parasite drag, absolute coefficient C'dp = ^ 
Cross-wind force, absolute coefficient 

Resultant force. 

Angle of setting of wings (relative to 

thrust Hne). 
Angle of stabiUzer setting (relative to 

thrust line). 



R, 



Qf Resultant moment. 
12, Resultant angular velocity. 
VI 

p— J Reynolds Number, where I is a linear 
dimension. 

e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C, the 
corresponding number is 234,000; 
or for a model of 10 cm chord 40 m/s, 

the corresponding number is 274,000. 
Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 
Angle of attack. 
Angle of downwash. 
Angle of attack, infinite aspect ratio. 
Angle of attack, induced., 
Angle of attack, absolute. 

(Measured from zero lift position.) 
Flight path angle. 



a 



0) 
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MANEUVERABILITY INVESTIGATION OF AN F6C-4 FIGHTING AIRPLANE 

By C. H. Dearborn and H. W. Kirschbaum 



SUMMARY 

In order to compare the relative maneuverability of two 
fighting airplanes and to accumulate additional data to 
assist in establishing a satisfactory criterion for the 
maneuverability of any airplane y the National Advisory 
Committee for Aeronautics ^ at the request of the Bureau 
of Aeronautics J Navy Department ^ has conducted maneu- 
verability investigations on the F6C-3 {water-cooled 
engine) and the F6C-4 {air-cooled engine) airplanes. 
The investigation made on the F6C-3 airplane has been 
previously reported. This report contains the results of 
the investigation made on the F6C~4 airplane. 

Measurements of air speedy angular velocity, linear 
acceleration, temperature, pressure, and the position of the 
controls were made for practically all the kinds of military 
maneuvers required of this type of airplane. Flight path 
coordinates were secured for most of the maneuvers by 
means of a special camera obscura developed for this 
investigation. The results are given in the form of 
curves, some showing the variation of the measured quan- 
tities with respect to time, others, the variation of some 
maximum quantities vrlth respect to air speed. In addi- 
tion, all maximum quantities are tabulated. 

A comparison of the results with those obtained in the 
investigation conducted on the F6C-3 airplane shows 
that: With practically the same speed and control move- 
ment, the F6C-4 completed a loop in 10 per cent less 
time than did the F6C-S; in dives the F6C-3 increased 
its speed more rapidly than did the F6C-4; a^d the mini- 
mum radius of turn was found to be 135 feet at 61.5 
miles per hour for the F6C-4, ^^^^ 155 feet at 76 miles 
per hour for the F6C-3. 

INTRODUCTION 

At the request of the Bureau of Aeronautics, Navy 
Department, the National Advisory Committee for 
Aeronautics at Langley Field, Va., is conductino: a 
series of maneuverabiUty investigations on a number 
of military airplanes. Data have been previously 
reported on tests made on an F6C-3 airplane. (Ref- 
erence 1.) Similar data, but of a broader nature, are 
given herein for an F6C-4 airplane. As stated in the 
above reference, the purpose of these tests is the estab- 
lishment of certain quantitative data which it is hoped , 
will facilitate the rating of military airplanes in regard I 
to maneuverability. | 



Instruments in the airplane were used to record linear 
accelerations along the three reference axes, angular 
velocities about these axes, the air speed, and the 
position of the control surfaces throughout practically 
all types of military maneuvers. A camera obscura, 
which was developed for this investigation, stationed 
on the ground was employed to obtain flight paths for 
a number of the maneuvers. The results are given in 
the form of curves, some showing the variations of 
measured quantities with respect to time, others, the 
variation of some maximum quantities with respect to 
air speed. A comparison with the results obtained in 
the F6C-3 investigation is made wherever this is 
possible. 

APPARATUS AND METHODS 

APPARATUS 

The airplane employed in the present investigation 
was an F6C-4 Curtiss Fighter, powered with an air- 
cooled Pratt and Whitney R-le300 engine. It weighed 
about 350 pounds less than the F6C-3 airplane which 
is powered with a Curtiss D-12 water-cooled engine. 
In all other important respects the two airplanes 
were identical. The Navy^s principal specifications 
for the F6C-4 are presented in the appendix. The 
airplane as used in this investigation weighed about 
2,574 pounds and had its c. g. 5.7 inches ahead of the 
leading edge of the lower wing. 

Recording - instrument installation. — The instru- 
ments installed in the airplane during this investiga- 
tion were of the standard N. A. C. A. photographi- 
cally-recording type. They consisted of the following: 
A control-position recorder (Reference 2) for giving 
the control movement during a maneuver; three 
angular-velocity recorders (Reference 3) for recording 
angular velocities about the three reference axes of the 
airplane; a 3-component accelerometer (Reference 4) 
for recording the linear accelerations along the three 
reference axes; a recording tachometer used primarily 
for giving engine speeds in spins; and a timer for 
synchronizing the instrument records. A perform- 
ance recorder containing an air-speed unit (Reference 
5), temperature unit, and an aneroid unit was also 
employed to determine air speed, altitude, and air 
density. 

The above instruments, with the exception of the 
control-position recorder, which was located in the 
cockpit, were placed in the main gasoline tank bay of 
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the fuselage. This necessitated the use of the 22- 
gallon underslung tank shown in the general view of 
the F6C-4 airplane. (Figure 1.) 

Radio equipment. — One-way radio telephone com- 
munication from the ground to the airplane was used 
to coordinate flight and ground operations. The 
micro])hone employed in the transmitting system was 
located just outside the camera obscura. A radio 
receiver, designated as type SRA-3 by the Signal 
Corps, United States Army, was installed in the air- 
plane. This receiver was operated from an antenna 
extending from the landing gear struts to the tail-skid 
section of the fuselage. The high-tension circuit of 



to record those in a horizontal plane. The records (fig. 4) 
are made on a 30-inch by 30-inch film, the required 
exposure and time between exposures being obtained 
by use of a special focal plane shutter. (Reference 6.) 
The film is supported at the proper distance from the 
lens on a table whose top can be quickly rotated from 
the inclined position shown to a horizontal position. 
In addition, this table can be lowered enough to allow 
the protractor sheet support, used during wind 
measurements, to be placed in the focal plane of the 
lens. 

The wind measurements were recorded by other than 
photographic means. This necessitated the following 




Figure 1.— F6C-4 airplane 



the engine was shielded to reduce engine ignition 
interference. 

Camera obscura and accessories. — The camera 
obscura was designed to perform two functions: First, 
to determine rapidly the wind speed and direction at 
the altitudes of the maneuver to be performed; and 
second, to record the flight path of the airplane dur- 
ing the maneuver. It is illustrated in Figures 2 and 
3. Actually, it is a large camera, approximately 7 
feet square by 7 feet high, so mounted on a concrete 
base that it may be rotated into alignment with the 
wind. A circular scale in 5° divisions from the magnetic 
north is painted on the base. The lens employed 
may be mounted in the side (as illustrated) to record 
maneuvers performed in a vertical plane, or in the roof 



accessories: A combination perpendicular bisector 
and dividers, sheets of paper with a protractor scale, 
and a sight placed outside the camera obscura. The 
electric pencil (fig. 5) is used by an operator inside the 
camera to follow the airplane image on the wind 
screen during wind runs. It is operated by an electro- 
magnet in series with a timer. The timer completes 
a circuit at one-half second intervals, producing jogs 
in the line, as shown in Figure 6. Ground-speed 
vectors and necessary perpendicular bisectors may be 
quickly drawn with the combination perpendicular 
bisector and dividers shown in Figure 5. The protrac- 
tor sheets (fig. 6), on which the wind run paths were 
recorded, are about 30 inches square and have a 20- 
inch circle with 1° divisions. 



MANEUVERABILITY INVESTIGATION OF AN F6C-4 FIGHTING AIRPLANE 5 



The ground observer's sight for aUgning maneuvers 
with the film screen is shown attached to the side of the 
camera obscura in Figure 2. This sight consists of a 
frame with two sets of three wires at right angles and a 
sighting bead about six inches in the rear of the plane 
of the frame. The intersection of the center wires 
corresponds to the center of the camera field, while 
the two outer wires of each set outHne the field of the 
camera. 

METHOD OF TESTS 

The following maneuvers were included in the flight 
program of this investigation : 



altitude or altitudes at which the maneuver was to 
be made. This infoi-mation was required to correct 
the flight path measured with the camera obscura 
to true flight path; i. e., path through the air. This 
correction can be made more readily and with greater 
accuracy if the numeuver is started directly into or 
with the wind, so the first consideration in the wind 
runs was the determination of the wind direction to 
establish the course to be flown in the maneuver. 

The procedure used in determining the wind direction 
was as follows: The airplane was flown at a constant 
air speed across the camera obscura in three difl'erent 




Loops. 

Push -downs. 

Pull-outs from dives. 

Pull-ups from horizontal flight. 

Turns of 180° in vertical and horizontal planes. 

Aileron maneuvers. 

Rudder maneuvers. 

Turns for the determination of minimum radius of 
turn. 

Power-on and power-off spins. 
Barrel rolls. 

Before performing each maneuver wind runs were 
made to find the direction and speed of the wind at the 



directions, approximately 120° apart. A projection of 
the track of the airplane was obtained during each run 
on the protractor sheet in the camera obscura by fol- 
lowing the image of the airplane with the electric 
pencil (fig. 6). Vectors, proportional to the ground 
speeds, were obtained directly from the lengths of 
the tracks between a definite number of the jogs pro- 
duced by the electric pencil. These vectors were laid 
off from a common center, and a circle was passed 
through their ends. The line drawn from the inter- 
section of the vectors to the center of the circle 
established the wind direction. Also, during each 
wind run, records were made in the airplane of air speed. 
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barometric pressure, and temperatui-e. These were 
made to determine the true air speed used subsequently 
to compute the magnitude of the wind velocity. 

The course to be flow^n, as determined from the wind 
direction, was then radioed to the pilot, and while he was 
adjusting his course, the camera obscm'a was rotated 
into position and prepared for photogi^aphic recording. 

A ground observer, using the sight on the side of 
the camera obscura, directed the pilot by radio in such 
a manner as to bring the airplane into the proper 
part of the field of the camera obscura. While fol- 
lowing these directions, the pilot continually adjusted 
his course to that previously given him. When the 
airplane actually entered the field of the camera, the 
camera shutter and the instruments in the airplane 



L iqhf proof cover plate 



L ens mounting plote 



L,46"focol 
lenqth lens 




C Shutter clotti 



P,Pro trod or 
stieet support' 

S,Focol plane 
shutter 



Concrete base 



Pivot- 




Figure 3. — Sectional view of camera obscura 

were started simultaneously on receipt of orders from 
the ground observer, and approximately one second 
later, the maneuver w^as started. In each maneuver, 
except the turns for the determination of minimum 
radius of turn, measurements were made of the flight 
path, air speed, angular velocity, linear accelerations, 
position of the control surfaces, temperature, and bar- 
ometric pressure. 

The turns to establish minimum radius of turn were 
made without the use of the camera obscura. In 
these tests the pilot put the airplane into a turn with 
full throttle setting, gradually tightened up the turn 
without changing the throttle, and finally took records 
after the airplane had reached what he believed to 
be the tightest steady turn possible at a prede- 
termined air speed. This procedure was repeated for 
a number of different air speeds. 



COMPUTATION OF RESULTS 

Control-position, angular-velocity, and linear-accel- 
eration curves are obtained directly from the instru- 
ment records. The aileron positions are given for the 
left aileron, which moves with respect to the right as 
shown in Figure 7. Angular accelerations and dis- 
placements are found from the recorded angular veloci- 
ties by graphical differentiation and mechanical inte- 
gration, respectively. Resultant angular velocity is 
found by adding the roll, pitch, and yaw components 
vectorially. Curves of true air speed are obtained 
either from air-speed or camera-obscura records. The 
density factor necessary for the conversion of indica- 
ted to true air speed is calculated from the recorded 
temperature and pressure. The recorded air speed 
is subject to an interference correc- 
tion, the magnitude of which is known 
only for unaccelera ted flight. The ac- 
curacy of the recorded air speed is 
therefore questionable in maneuvers, 
and for that reason the airspeed in 
accelerated flight is obtained from the 
camera obscura records whenever 
possible. 

When recording maneuvers made 
in a vertical plane, the axis of the 
camera lens is at an angle of 60° 
from the vertical, and the recorded 
fUght paths are, therefore, in error be- 
cause of perspective. To eliminate 
this error a perspective grid was con- 
structed in accordance with the fore- 
shortening that would be obtained by 
photographing uniforuily spaced ver- 
tical and horizontal Unes with the 
camera axis 60° to the vertical. The 
perspective grid is placed under the 
film record, and the coordinates of 
the images with respect to it are read. 
Consequently, the distortion caused by perspective 
is eliminated. 

The magnitude of the wind velocity is next calcu- 
lated by multiplying the true air speed obtained from 
the performance recorder during wind runs by the 
ratio of the length of the wind-velocity vector to the 
radius of the air-speed circle. (See fig. 5.) The wind 
velocity added algebraically to the true aii' speed at 
the start of a maneuver gives the ground speed, which, 
wdth the rate of exposures, determines the scale of the 
path. The correction for wind for each image is ob- 
tained by multiplying the magnitude of the wind 
velocity by the time from the start of the maneuver 
divided by the scale factor. 

Air speed is computed from the corrected path by 
measuring the displacement between the images and 
dividing this by the time between exposures. The 



F, Pho toqrophic 
film 
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angle of attack is found by measuring the angle be- 
tween the axis of the image and the tangent to the 
corrected flight path at any given point. 

PRECISION OF RESULTS 

Frequent instrument caHbrations were made so that 
errors due to change of calibration were practically 
eliminated. The records were legible enough to per- 
mit measuring them to the nearest 0.01 inch, so that, 
with the sensitivities used during this investigation, 
linear accelerations are accurate to ±0.05 and 
control surface angles, to ± % of a degree. The 
recorded air-speed error is in the neighborhood of 2 
per cent for unaccelerated flight, and is unknown in 
accelerated flight. The error in the air speed secured 
from the camera-obscura path, however, is probably 
within 5 per cent for all conditions of flight. The 
slight time lag in the angular-velocity recorders during 
the periods of liigh angular acceleration has not been 
eliminated. Consequently, peak values are probably 
about 2 per cent low. 

In computing the error present in the flight paths 
obtained from the camera obscura, three possible 
errors were considered : First, the airplane was not on 
the proper course; second, the wind velocity was in 
error; and, third, the scale was in error. A study of 
some of the results indicated that the course might be 
in error as much as 6°. The error in the wind direction 
was within ± 5° and the error in the magnitude was 
found to be as much as 3.5 miles per hour. The error 
in scale based upon the average of the scales derived 
from the image size and the ground speeds at the 
start of the maneuvers was found to be slightly less 
than 2 per cent. Since the cosine of the error in the 
course and the cosine of the error in the wind direction 
are practically imity, these errors are negligible. The 
average speed during the maneuvers was 130 miles 
per hour, and the resulting error caused by wind was, 
therefore, slightly over 2 per cent. On the whole, 
the probable error in the flight paths is, therefore, 
about ±4 per cent for the abscissae and ±2 per cent 
for the ordinates. 

The probable error in synchronization between the 
instrument records and the camera-obscura records is 
only a fraction of a second, and may be attributed to i 
the differences in the speed of human reactions. This. I 
error, though small, has a considerable effect on the 
angle of attack measurement. The individual values 
of angle of attack may be scaled from the camera- 
obscura film with small error, but owing to the high rate 
of change of angle of attack, a small error in syn- 
chronization may result in an angle, for a given speed 
and normal acceleration, which is 25 per cent or more 
in error. 

RESULTS 

The results of this investigation are presented chiefly 
in the form of time-history curves and flight-i)ath 
graphs. Time intervals in agreement with those of 



Figure 4— Camera obscura record of spiu 
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time-history curves are given on the flight-path 
graphs. vSome of the results are compared with those 
obtained on the F6C-3 airplane. The maneuvers are 
presented in the following order: 

Loops, Figures 8 and 9. 

Push-downs, Figure 10. 

Pull-outs from dives, Figures 11, 12, and 13. 
Pull-ups from horizontal flight, Figures 14, 15, 16, 
and 17. 

Half loop half roll, Figure 18. 
Half roll half loop. Figure 19. 

180° vertically banked turns, Figures 20, 21, 22, 
and 23. 

Abrupt wing-over turn. Figure 24. 
Aileron maneuvers. Figures 25 and 26. 
Rudder maneuvers. Figures 27 and 28. 



Air speed at start of loop (m.p. h.) _ 

Maximum angular velocity (rad./sec.) - 

Maximum normal acceleration in pull-up at start of loop 

ig) - 

Normal acceleration at top of loop {g). 

Maximum normal acceleration in coming out of loop ig) 

Maximum nn^le of attack (degrees) 

Height of loop (ft.) 

(lain of altitude at end of loop (ft.) ..- 

Time to complete loop (sec.) -.- 



F6C-3 
normal 
loop 



150 

.79 

2. 90 
1.00 
3.75 

22 
560 

50 
13.6 



F6C-4 
normal 
loop 



.80 

3.60 
1.40 
4.00 
23 
465 
100 
12.0 



F6C-4 
tight 
loop 



1.00 

5.00 
1.80 
3. 10 

24 
370 

20 

10.0 



The maximum angular velocities for the three loops 
were recorded near the tops of the loops, while the 
maximum angle of attack occurred just before the top. 
The maximum normal acceleration was recorded in 
coming out of the two normal loops, while in the tight 
loop the maximuiu value was obtained at the start. 





Figure 5.— Electric pencil and proportional dividers 



Turns of minimum radius, Figure 29. 
Spins, Figures 30, 31, 32, and 33. 
Barrel rolls. Figure 34. 

Loops. — Two loops were executed from an air speed 
of approximately 150 miles per hour. The first was a 
normal loop and is comparable to the high-speed loop 
in the F6C-3 maneuverabiUty report (Reference 1), 
since the control movement and starting air speed 
were about the same for the two maneuvers. The 
second loop will be designated a tight loop because of 
the comparatively abrupt control action and the large 
elevator displacement which was more than twice that 
recorded on the normal loop. 

The principal data for the three loops are given in 
the table below, while the time Histories for the F6C-4 
loops are shown in Figures 8 and 9. 



A comparison of the data for the two normal loops 
indicates that the F6C-4 is a more maneuverable air- 
plane as shown by the higher linear acceleration and 
smaller over-all flight-path dimensions together with 
about 10 per cent shorter time required to complete 
the maneuver. 

Push- downs. — The time histories for three abrupt 
push-downs are presented in Figure 10. Although 
these maneuvers were made at air speeds of 85, 100, 
and 130 miles per hour, the maximum normal accelera- 
tions are practically the same. This is no doubt caused 
by the difference in the control movement which was 
probably governed by the disagreeable sensation of 
this type of maneuver. It may be noted that as the 
starting speed of the push-down is increased the 
maximum angular velocity attained in the maneuver 
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is decreased, while the maximum angular acceleration 
is increased. The maximum negative angle of attack 
decreases as the starting speed increases. This would 
be expected with equal normal accelerations. With 
the initial air speeds of 85, 100, and 130 miles per 
hour, the altitude losses in the first three seconds of 



mine the loss of altitude during recovery with abrupt 
control action. The time histories with the respective 
paths are shown in Figures 11, 12, and 13. The 
principal quantities are presented in the table below 
with those of the F6C-3 maneuver that are most 
comparable. 
















\ - 
























\\\ 



Figure 6.— Protractor sheet illustrating method of determining wind 



each maneuver were 140 ft, 170 ft, and 175 feet, 
respectively. With an initial air speed of 100 miles 
per hour the altitude loss in four seconds was 290 
feet with the F6C-4 as compared with 405 feet for the 
F6C-3. This is undoubtedly due to the greater 
weight/drag ratio of the F6C-3. 

Pull-outs from dives. — Three pull-outs from dives 
were executed at different speeds primarily to deter- 
48085—31 2 





F6C-4 


F6C-4 


F6C-4 


F6C-3 


Speed at start of pull-out (ra. p. h.)--- 


130 


140 


175 


140 


Maximum elevator displacement (degrees) 


35.5 


34.6 


31.0 


27.0 


Time to reach above displacement (see.) 


1 


1 


0.8 


1.4 


Maximum angular acceleration (rad./sec.^) 


3.3 


5.8 


7.0 


4.8 


Maximum angular velocitv (rad./sec.) 


1.64 


2.28 


2.00 


1.45 


Maxinnnn normal acceleration (g) 


6.4 


7.6 


9.3 


6.6 


Maximum angle of attack (degrees) 


38 


23 


25 


21 


Angle of dive with horizontal (degrees) 


70 


72 


82 


70 


Altitude lost (ft.) - : 


290 


175 


340 


310 
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Although the control movement for the first F6C-4 
pull-out was more abrupt than for the second, a greater 
loss of altitude was experienced during the former. 
This was undoubtedly due to the fact that in the first 
maneuver the airplane passed well through the burble 
angle (maximum angle of attack 38°). This caused a 
large reduction in the lift which resulted in a greater 
loss of altitude than that found for the second maneu- 
ver made at a higher air speed. The data included 
from the F6C-3 investigation are not strictly com- 
parable with the second F6C-4 pull-out because the 
control movement of the F6C-3 was less abrupt. 

30 "I \ 1 ] 1 




0° 5" 10" IS' 20' 

Down aileron 

Figure 7.— Differential aileron action on F6C-4 
airplane 



Pull-ups from horizontal flight.— Abrupt, medium, 
and mild control pull-ups from horizontal lUglit were 
executed from speeds of about 80, 125, and 150 miles 
per hour. In the mild pull-ups the control movements 
were not alike for the maneuvers at different air 
speeds, and consequently the results of these pull-ups 
can not be directly compared. The same is true for 
the medium pull-ups. For the abrupt pull-ups, 
however, the control movements were practically 
the same for all speeds, and, therefore, the results of 
the dift'erent abrupt maneuvers are comparable. 
Figures 14, 15, and 16 show the time histories for these 
pull-ups, while the interesting characteristics of the 
abrupt maneuvers are shown in the table below: 



starting speed (m. p. h,)--- 


80 


127 


150 


Maximum elevator displacement (degrees) 


34 


35 


33.5 




1.25 


1.05 


1. 10 


Maximum angular acceleration (rad./sec.^) _ 


2.7 


3. 35 


3. 90 




.99 


1.58 


1.6G 


Maximum longitudinal acceleration ((/).. 


.6 


1.4 


2.3 


Maximum normal acceleration (fif) , 


2.9 


6.2 


7.8 


Angular disi)lacement (degrees) 


45 


45 


45 


Time for above displacement (sec.) 


1.5 


1.1 


.95 





Examination of the paths shows that the altitude 
gained in a given time is dependent on the abruptness 



of control action. In order to facilitate the deter- 
mination of the effect of speed on abrupt pull-ups, the 
normal acceleration, angular velocities and times for 
30° angular displacement are plotted versus the corre- 
sponding indicated air speeds in Figure 17. 

Half loop — half roll. — This maneuver (fig. 18) is 
started with a half loop from level flight and completed 
by executing a half roll to return to level flight in the 
opposite direction. The elevator was pulled up gradu- 
ally to 5° and held there until the airplane was nearly 
in a vertical attitude, then gradually decreased until a 
half loop was completed. A small amount of aileron 
and rudder control was used before the maximum 
altitude gain of about 655 feet was reached. A half . 
roll was then executed to return to normal flight. The 
reversal of direction was accomplished in approxi- 
mately 8 seconds but the roll was not finished until 
nearly 3 seconds later. The air speed at the start 
was 145 miles per hour and dropped to 67 miles per 
hour near the top of the half loop. At the end of the 
maneuver the flight path was inclined downward. 

The interesting quantities are presented in the table 



below: 

Air speed at start (m. p. h.) 145 

Minimum air speed (m. p. h.) 67 

Maximum elevator displacement (degrees) 9 

Maximum rudder (right) (degrees) 23 

Maximum aileron displacement (degrees) 13 

Maxinmm angular velocity pitch (rad./sec.) 0. 5 

Maximum angular velocity roll (rad./sec.) 0. 7 

Maximum angular velocity yaw (rad./sec.) 0. 2 

Maximum angular acceleration pitch (rad./sec.^) 7I-O. 3 

and -0. 3 

Maximum angular acceleration roll (rad./sec.^) —0. 4 

Maximum angular acceleration yaw (rad./sec.^) +0. 15 

Maxinuim normal acceleration {g) 3. 35 

Maximum longitudinal acceleration (g) 0. 5 

Maximum transverse acceleration {g) 0. 25 

Maximum horizontal displacement (ft.) 575 

Gain in altitude (ft.) 655 

Time required for a 180° change in direction (sec.) 8 



This maneuver, which was developed during the 
late war, is known as the Imnielman turn. A turn of 
this kind accomplishes a rapid reversal of direction 
and a gain in altitude at the same time. The time 
required for a reversal of direction would depend upon 
the tightness of the half loop, but less altitude would 
be gained in a more abrupt maneuver. 

Half roll— half loop. — This maneuver (fig. 18) con- 
sists of a half roll from level flight to an inverted posi- 
tion and then approximately a half loop to return 
again to level flight in the opposite direction. The 
half roll was executed by means of the ailerons alone, 
and the half loop was performed by starting the eleva- 
tor movement just before the half roll was completed. 
No attempt was made to remain in horizontal flight 
during the roll and, as a result, the flight path shows 
considerable gain in altitude before the half loop was 
started. From the start of the half loop, the airplane 
veered off to the left with respect to the original direc- 
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Figure 15.— 125 m. p. h. pull-up maneuvers, three methods of control 
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tion of flight and continued to do so until the end of j 
the maneuver. Because of this it was necessary to 
apply a correction to the flight path and the computed 
air speed in order to approximate actual conditions. 
The outstanding characteristics of this turn arc indi- 
cated in the following table: 

Gain in altitude to start of half loop (ft.) 95 

Loss in altitude during the half loop (ft.) 465 

Horizontal distance required to make turn (ft.) 1, 035 

Air speed at start (m. p. h.) 148 

Minimum air speed (m. p. h.) 113 



This maneuver is sometimes called a reverse turn 
and frequently an Immclman turn, but wrongly so, 
because the true Iminelman is just the reverse of this 
maneuver. The Immelman turn is started with a 
half loop, hence altitude is gained; while in the reverse 
turn, altitude is lost. 

180° vertically banked turns. — Three maneuvers of 
this type (figs. 20, 21, and 22) were made, and all 
linear and angular quantities, including velocities and 
accelerations, were studied in relation to control move- 
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FiQUBB 16.— 150 m. p. h. pull-up maneuvers, three methods of control 



Air speed at end of turn (m. p. h.) 

Time to reverse direction (sec.) 

Maximum normal acceleration during roll (g) 

Maximum normal acceleration during half loop {g) 

Maximum longitudinal acceleration (g) 

Maximum transverse acceleration (g) 

Maximum roll angular velocity (rad./sec.) 

Maximum pitch angular velocity (rad./sec.) 

Maximum yaw angular velocity (rad./sec.) 

Maximum elevator displacement (degrees) 

Maximum down displacement of left aileron (degrees).. 

Maximum up displacement of left aileron (degrees) 

Maximum rudder displacement to right (degrees) 

Maximum rudder displacement to left (degrees) 



160 
9 

2. 5 
5. 2 
0. 6 
-. 3 
. 92 
. 92 
. 16 

10. 5 

11. 5 
6 
1 
6 



ment and time. Each maneuver was made to the 
right with a complete reversal of direction. 

All control movements were started at about the 
same time. The elevator was raised gradually, 
reaching its maximum displacement about midway in 
the turn. The rudder and ailerons were moved 
abruptly at the same time to start a high rolling 
velocity, and then were gradually decreased to 
neutral midway in the turn. The roll reached a 
maximum near the middle of the turn, where the air- 
plane was in a vertically banked position. The 
maneuver was completed by gradually lowering the 
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Indicated air speed, m.p.h. 

Figure 17.— Normal acceleration versus indicated air speed for abrupt pull-ups 
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Figure 19.— Half roll— half loop 
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FiQUEE 21.— 148 m. p. h. vertical bank turn 



0"^ 



-20' 



O O (b 



200 
100 
0 













— - 




tie vat or 






















Hudder^ 


















































































Aileron 






















































■ S 




Pitc 


h 














/ 




< 






























/ 




Yc 


m 






























































































Rc 


nil 


















ir 


spee 


d 




^rnpui 


ed) 












































Norma 


/ occ 


e/erc 


ifion 






































L 


on 


gitudinol o 


CC 


5/ 








/ 


































y 




T, 


'-Of 


75 V 


ferse oca 


?/. 

:r 

















o 

Q) 

AOO-^ 

50^ 
(J 

0^ 



-.50 



12345678 9 
Time, seconds 

L ongitudinal displocement, fee t 



49 
99 



0 



0 100 200 300 400 500 600 700 



I 100 
l%300 









/ 








'2^ 




















































Flighit / 


70? 
































































































Time d 


IVIi 


ilOl 


IS. 


se 


^cc 


)nc 


Is ■ 








































'8- 






7 




-6 









































500 

Figure 20.— 128 m. p. h. vertical bank turn 
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Figure 22.— 150 m. p. b. vertical bank turn 
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elevator and applying opposite rudder and aileron 
control. 

All instrument records for the three turns were 
obtained for a period of approximately nine seconds. 
The air speeds at the beginning of the maneuvers were 
128, 148, and 150 miles per hour, and the time re- 
quired to complete 180° was approximately seven 

O Longifudinaf displacement feet 
0^' 100 200^ 300 400 500 600 700 800 900 




500 



o. Con fro/ movement siarted tiere 
b. Time divisions (sec ) c. Abrupt wing -over -turn 

d. 128 m.p h (vertical bank turn) 

e. 148 ( ; 

f. 150 - ( ; 

Figure 23.— Comparison of flight paths for 180° turns 

seconds for each, but showed a tendency to increase 
slightly with the speed of the maneuver. 

The time, which was determined from the flight 
path, is that required for a complete reversal of direc- 
tion, but not necessarily that required for return to 
steady horizontal flight. In fact, the curves of angular 
velocity show that there is still considerable pitching 
and rolling at the times indicated for the completion 
of the maneuvers. 

The air speed in the slowest turn decreased from 128 
miles per hour to 75 miles per hour in 5.5 seconds. 
At the (^.nd of 7 seconds the air speeds for the other 
two turns had dropped from 148 miles per hour to 90 
miles per hour and from 150 miles per hour to 93 miles 
per hour. With an air speed of 128 miles per hour at 
the start, the maximum longitudinal displacement was 
565 feet. The speeds for the other two maneuvers 
were nearly alike, so that their maximum longitudinal 
displacements were very nearly the same, 780 feet foi 
the slower and 760 feet for the higher speed maneuver. 
The transverse displacements were approximately 400 
feet for each turn. 

These turns are assembled for comparison in 
Figure 23 and the principal characteristics are shown 
in the next table. 

Abrupt wing-over-turn. — This turn (fig. 24) was 
made to the right while descending. It was started 
by moving the elevator up, the rudder to the right, 
and the left aileron down. This caused the airplane 
to nose up slightly, turn and roll to the right, then, 
when 90° of roll was approached, the right rudder 
caused the airplane to nose down, and the up elevator 
caused it to turn further to the right. From this 
point the aileron and rudder were brought to neutral 
when the airplane reached an inverted position. The 
elevator was still up so that the airplane continued to 



nose downward. At this point the left aileron was 
moved up and the rudder left, causing the airplane to 
level out and assume normal flight. 

The air speed at the start of the turn was 143 miles 
per hour and the lowest speed 80 miles per hour. The 
flight path shows that approximately 180° of the turn 
had been completed in 6 seconds, but that the airplane 
had not reached steady horizontal flight at this time. 
The maximum normal acceleration was recorded dur- 
ing the pull-up at the start of the maneuver. 

This turn was made in a shorter time and on a path 
of smaller over-all dimensions than any of the verti- 
cally banked turns, but with a greater loss in air speed, 
which was due to the abrupt pull-up and roll at the 
start of the turn. The flight path of this maneuver 
is also shown in Figure 23 for comparison with the ver- 
tically banked turns, and the maximum and other 
interesting quantities are shown in the following 
table: 



Air speed at start (m. p. h.) 

Maximum elevator displacement (degrees)... 

Maximum rudder disjiliU'ement (degrees) 

Maximum rudder displaconient (degrees) ___ 

M aximum left aileron d isplacementdown (degrees) 
Maxinunn left aileron displacement up (degrees) . 
Maxinmm angular velocity, Faxis (rad./sec.)-— 
Maxinnim angular velocity, AT axis (rad./sec.)-- 
Maxinnim angular velocity, Zaxis (rad./sec.)... 

Time for 180° displacement, (sec.) 

Minimum air spee<l (m. p. h.) 

Maxinunn normal acceleration (jg).. 

Maximum longitudinal acceleration ig) 

Maxinunn transverse acceleration (,g) 

Maxinunn horizontal displacement (ft.) 

Maximum transverse displacement (ft.) 



Vertically banked 
turns 



128 


148 


150 


17 


13 


13 


8 


7 
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-6 


-8 


-5 
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7 
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-16 


-18 


-16 


0.8 


0.8 


0. 82 


+.57 


+.62 


+.5 


62 


-.65 


-.6 


0.26 


0.2 


0.25 
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7.25 


7.5 


76 


90 


93 


3. 65 


4.45 


4.5 


0. 76 


0. 75 


0. 75 


0. 1 


0. 15 


0.2 


565 


780 


760 


395 


415 


435 



Abrupt 
wing- 
over- 
tum 



143 
11 

9 

-11 

6 

-15 
0. 75 
+.37 
-.7 
0.2 
7 
80 
4.1 
0.6 
-.15 
560 
320 




4 5 6 
Time, seconds 
Horizontal displacement, feet 
too 200 300 400 500 600 700 




^300 



JjiuuKE 24.— Abrupt wing-over turn 
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Aileron maneuvers. — A series of right aileron rolls 
were executed at various air speeds ranging from 
approximately 75 to 140 miles per hour. In these 
maneuvers the rudder and elevator were held as nearly 
as possible in their neutral positions, and the rolls 
were executed by means of ailerons alone. 

All the rolls were started with an abrupt aileron 
movement and the ailerons held in their position of 
maximum displacement until approximately 90° of 
roll had been completed. An aileron movement of 
about 14° was recorded for the left or down aileron. 
This indicates a right aileron movement of approxi- 
mately 28° upward. 

A set of representative maneuvers, covering the 
speed range used, is shown in Figure 25. The angular 



miles per hour the maximum angular velocity was 
approximately 0.90 radians per second and the time 
to 60° displacement was 1.60 seconds. The angular 
velocities, angular accelerations and times for 60° 
displacement are plotted versus the respective indi- 
cated air speeds in Figure 26. 

Rudder maneuvers. — A series of abrupt rudder 
kicks was made to determine the variations of trans- 
verse acceleration, angular velocity, angular accelera- 
tion, and the time required for 30° angular displace- 
ment with indicated air speed. This information is 
given in Figures 27 and 28. Although the experi- 
mental points for the curve of angular acceleration 
versus indicated air speed are scattered, this curve 
does indicate the trend and approximate rate of 
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Figure 25.— Aileron maneuvers 



velocity curves for all the aileron rolls show the same 
characteristic form. At any air speed with an abrupt 
control movement, the angular velocity of roll rises 
rapidly to a maximum value and then is maintained 
practically constant during the remainder of the 
maneuver. 

The maximum angular velocity attainable rises 
rapidly with the speed of the maneuver up to about 
110 miles per hour indicated air speed. At speeds 
above this, the angular velocity increases more slowly 
with an increase in speed. This is due, in part, to the 
fact that the controls are not displaced so far at the 
higher speeds. 

At an air speed of 75 miles per hour, the maximum 
angular velocity of roll was 0.65 radians per second 
and the time to reach 60° displacement of roll was 
approximately 2 seconds. In a roll executed at 140 



increase with speed. The speeds are those recorded 
at the start of the maneuvers. 

Minimum radius of steady horizontal turn. — The 
minimum radius of horizontal turn was computed for 
each speed from the angular-velocity recorder records, 
accelerometer records, and the following equations: 



(1) 

(2) 
(3) 



i? = radius of turn (ft.) 
a;i== radial acceleration (ft./sec.^) 
CO;. = resultant angular velocity (rad./sec.) 
a, = resultant linear acceleration (ft. /sec. ^) 
Equations (1) and (2) relate to uniform circular motion, 
while equation (3) removes vectorially the effect of 
gravity from the resultant linear acceleration. 
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The individual values of minimum radius are plotted 
against the respective speeds in Figure 29. The faired 
curve shows that the minimum radius of turn for sea- 
level conditions is 135 feet and is obtained at an air 
speed of 61.5 m. p. h. This may be compared with 




80 90 100 110 120 
Indicated air speed, m.p.h. . 



130 MO 



Figure 26.— Maximum angular velocity, maximum angular acceleration, 
and time to C0° displacement versus indicated air speed for abrupt 
aileron maneuvers. 

the minimum radius of 155 feet obtained at 76 m. p. h. 
with the lieavier F6C-3 airplane. 

Spins. — Two right spins (figs. 30 and 31), one power- 
ofl* and one power-on, and two left spins (figs. 32 and 
33), one power-off and one power-on, were recorded. 
In the power-oft* spins the engine speed was about 570 
revolutions per minute, while in the power-on spins 
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Figure 27.— Maximum transverse acceleration and time for 30° displacement 
versus indicated air speed for abrupt rudder maneuvers 

the engine speed was 1,600 revolutions per minute. 
These maneuvers were started from an air speed near 
the stalling speed. An inspection of the angular- 
velocity curves presented in the time histories indi- 
cates that none of the spins reached steady conditions, 
although the right power-on and the left power-oft* 
spins approached such conditions toward the end of 
the records. 



Data obtained from the camera-obscura film are 
presented in the following table with that obtained 
from the instrument records. The times per turn 
secured during the latter part of these spins from the 
angular- velocity recorder records are in agreement 
with the camera-obscura values within about 10 per 
cent. The results for the left power-on spin are con- 
siderably different from those for the other spins. 
This is probably due to the gyroscopic couple of the 
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Figure 28.— Maximum angular velocity and maximum angular acceleration 
versus indicated air speed for abrupt rudder maneuvers 

propeller. The maximum normal acceleration re- 
corded ranged from 1.80 g for the left power-on spin 
to 2.30 g for the right power-on spin. 

4UUr- 
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Figure 29.— Minimum radius of turn versus true air speed 



100 



Air speed at start (m. p. h.) 

Maximum elevator displacement (degrees) 

Maximum rudder displacement (degrees) 

Maximum aileron (iisplacement (degrees) 

Maximum angular velocity, Xaxis (rad./sec.)... 

Maxiiiuiiii angular velocity, F axis (rad./sec.) 

Maximum angular velocity, Zaxis (rad./sec.) 

Resultant angular velocity (rad./sec.) 

Resultant angular lu-celeration (rad./sec.^) 

Maxiuium normal acceleration \g) 

Maximum longitudinal acceleration {g) 

Maximum transverse acceleration {g) 

Time per turn, angular velocity records (sec.) — 

Time per turn, C. O. film (sec.) 

Falling velocity (ft./sec.).- _ _ 

Diameter of spiral (ft.) 



Right spins 



Power 
off 



65 
33 
30 



2.6 
1.55 
2. 48 
3. 78 
1.15 
2.1 
0. 45 

-.2 
2. 05 
1.89 

91 

10 



Power 
on 



62 
33 
29 
6 

2. 43 
0.8 

2. 35 

3. 35 
1.65 
2.3 
0. 75 

-. 15 
2.09 
1.93 

93 

10 



Left spins 



Power 
off 



70 
33 
27 
11 

-2.6 
1.05 

-2.12 
3.4 

-1.85 
1.95 
0. 35 
. 15 
2.23 
2.20 

89 

10 



Power 
on 



71 
33 
27 
13 

-1.95 
0.98 

-1.7 
2.7 
2.05 
1.8 
0. 65 
.10 
3.05 
3.08 

105 
27 
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FiGUUE 30.— Right spin power-ofT 
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Figure 31.— Right spin power-on 



22 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 




Figure 32— Left spin power-oCf 




5 6 7 8 
Time, seconds 

Figure 33— Left spin power-on 
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Barrel rolls. — One right and one left barrel roll were 
executed. Both rolls were started at approximately 
110 miles per hour. By the end of the maneuvers the 
speed had been reduced to about one-half this amount. 
The control movement on the elevator and rudder 
was similar to that for spins; i. e., an abrupt pull-up 
rapidly followed by kicking the rudder hard over in 
the direction of the roll. The ailerons were not used 
to any great extent. This method of control, as in 
the spins, caused autorotation which produced a high 



Left roll 



an axis coinciding with the original line of flight, but is 
executed on a path making a large angle with the origi- 
nal direction of flight. The sharp break in the line 
of flight is due to the abrupt rudder kick at the start 
of the maneuver. As in the spins, the diameter of 
the spiral path is very small. 

SUMMARY OF RESULTS 

The principal results of this investigation are sum- 
marized in Table I. The times in this table are 
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Figure 34 —Barrel rolls 



rate of angular velocity about the X axis and a yaw- 
ing velocity from one-third to one-half higher than 
that obtained from an abrupt rudder kick with the 
same air speed. 

The time histories for these rolls are shown in Figure 
34 and the interesting maximum quantities in Table I. 
Each barrel roll required about 5 seconds for comple- 
tion. The horizontal projections of these maneuvers 
are included in the time histories. It may be seen 
that the roll is not a symmetrical maneuver about 



measured from the instant the controls are moved from 
their normal level flight positions. The greatest an- 
gular velocity (2.6 radians per second) was found to 
be about the axis in a right power-ofi spin where 
the resultant angular velocity reached 3.78 radians 
per second. The maximum normal acceleration re- 
corded w^as 9.3 g and occurred in a puU-out from dive 
at 175 miles per hour. It is, of course, impossible to 
determine from an investigation of this kind the 
maximum angular velocity and linear acceleration ob- 
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tainable. It is believed, however, that the above 
vahies are the greatest likely to be obtained under 
service conditions. 

Comparison of the loops performed with the F6C-3 
and those performed with the F6C-4 shows that the 
F6C-4 is more maneuverable because a loop made 
with this airplane was completed in 10 per cent less 
time than one made w ith F6C-3, the speed and elevator- 
control movement being practically the same. The 
minimum radius of horizontal turn is 135 feet at 61.5 
miles per hour for the F6C-4, and that for the F6C-3 
is 155 feet at 76 miles per hour. Push-downs made 
from the same speed with both airplanes indicate that 
the F6C-3 will increase its speed more rapidl}^ than 
will the F6C-4. The above conclusions are all in 
agreement with those to be expected from airplanes 
difl'ering only in weight and drag. 

Even though it is not possible at the present time 
to state just what maneuvers completely determine 
the maneuverability of an airplane, it seems that turns 
of minimum radius, maneuvers giving a complete 
reversal of direction, and only the abrupt single- 
control maneuvers, are the most suitable. The abrupt 
single-control maneuvers are helpful because they are 
easiest to duplicate. It is probable, however, that 
some maneuver involving the use of all controls 
could be utilized to completely measure maneuver- 
ability. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., December 12, 1930. 
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APPENDIX 



SPECIFICATIONS OF F6C-4 AIRPLANE 

Type Tractor biplane, landplane. 

Engine Pratt and Whitney, R-1300. 

Horsepower 425 at 1,900 r. p. m. 

FulUoad 2,582 1b. 

Dead load 1,832 lb. 

Useful load 750 lb. 

Weight per square foot 10.25 lb. 

Weight per horsepower 6.1 lb. 

Maximum speed 162 m. p. h. 

Service ceiling. 22,900 ft. 

Wing area including ailerons __ 252 sq. ft. 

Aileron area 13.32 sq. ft. 

StabiUzer area 18.13 sq. ft. 



Elevator area 14.78 sq. ft. 

Fin area 4.67 sq. ft. 

Rudder area 10.8 sq. ft. 

Airfoil section Clark Y. 

Wing span Upper 31 ft. 6 in., lower 26 ft 

Length 22 ft. 6 in. 

Height 9 ft. 3 in. 

Gap 4 ft. 5^6 in. 

Angle of incidence —2°. 

Stagger 38.5 in. 

Dihedral Upper 0, lower 1.5°. 

Sweepback 0. 

Distance forward from leading edge lower wing to C. 6.5 in. 
Distance from leading edge lower wing to rudder hinge, 13.5 ft. 



TABLE I 



True air speed at start of maneuver (m. p. h.). 

Maximum longitudinal acceleration ig).. 

Time (seconds).. 

Maximum transverse acceleration ig) .-- 

Time (seconds) - 

Maximum normal acceleration (a) - 

Time (seconds) 

Maximum angular velocity, Xaxis (rad./sec). 

Time (seconds)... - 

Maximum angular velocity, Vaxls (rad./sec). 

^rime (seconds) 

Maximuni angular velocity, Zaxis (rad./sec). 

'I'ime (seconds) - 

Maximum angular acceleration, X axis 

(rad./sec.-') 

Time (seconds) 

Maximum angular acceleration, Y axis 

(rad./sec. 2) 

Time (seconds) - - - - - 

Maximum angular acceleration, Z axis 

(rad./sec.2).-. 

Time (seconds)... - 

Maximum resultant angular velocity (rad./sec.) 

Time (seconds) 

Maximum resultant angular acceleration 

(rad./sec.2) -- 

Time (seconds) - 

Time to 30° displacement (seconds) 

Time to 45° displacement (seconds) 

Time to C0° displacement (seconds) 

Time to 360° displacement (seconds) 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 



Designation 



Longitudinal- 
Lateral 

Normal 



Sym- 
bol 



X 
Y 
Z 



Force 
(parallel 
to axis) 
symbol 



X 
Y 
Z 



Moment about axis 



Designation 



rolling 

pitching 

yawing- 



Sym- 
bol 



L 
M 
N 



Positive 
direction 



Y- 
Z- 

X- 



^x 

^Y 



Angle 



Designa- 
tion 



roll-_ 
pitch - 
yaw_. 



Svm- 
bol 



Velocities 



Linear 
(compo- 
nent along 
axis) 



u 

V 

w 



Angular 



Absolute coefficients of moment 

^'-^ qcS -'^^ 



qhS 



Angle of set of control surface (relati\re to neu- 
tral position), 5. (Indicate surface by proper 
subscript.) 



D, Diameter. 

Geometric pitch. 
_p/Z?, Pitch ratio, 
y , Inflow velocity. 
Vs, Slipstream velocity. 

r, Thrust, absolute coefficient Ct-- 
Qj Torque, absolute coefficient Cq- 

5. 

1 hp = 76.04 kg/m/s = 550 Ib./ft./sec. 
1 kg/m/s== 0.01315 hp 
1 mi./hr. = 0.44704 m/s 
1 m/s = 2.23693 mi./hr. 



PROPELLER SYMBOLS 

P 

Pj Power, absolute coefficient Cp = ^^32^ - 



Cs, Speed power coefficient = 



Q 



rjj Efficiency. 

Revolutions per second, r. p. s. 

Effective hehx angle = tan"^ (2^^) 



NUMERICAL RELATIONS 



1 lb. = 0.4535924277 kg 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



